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Dense suspensions of colloidal or granular particles can display pronounced non-Newtonian be-
haviour, such as discontinuous shear thickening (DST) and shear jamming (SJ). The essential contri-
bution of particle surface roughness and adhesive forces confirms that stress-activated contacts can
play a key role in these phenomena. By employing a system of microparticles coated by responsive
polymers that allow friction, adhesion, and surface roughness to be selectively and independently
tuned as a function of temperature, we offer a way to disentangle these contributions. We find
that DST occurs at lower shear rates when friction and adhesion between particles are enhanced
at high temperatures. Additionally, the temperature-responsive polymers provide lubricity at low
temperatures that can mask surface roughness. The link between single-particle properties and
macroscopic rheology is elucidated via lateral force microscopy, which reveals the nature of rheologi-
cally relevant contact conditions. In situ temperature tuning during shear allows contact conditions
to be modified, and DST to be switched on and off on demand. These findings strengthen our
understanding of the microscopic parameters affecting DST and identify new routes for the design
of smart, non-Newtonian fluids.
Shear thickening (ST) is a generic phenomenon that occurs when the shear stress σ increases faster than
linearly with the shear rate γ˙, so that the viscosity η ≡ σ/γ˙ effectively increases with shear rate. It can be
observed in a broad range of materials, but nowhere is it more prominent than in dense suspensions of solid
particles [1]. This phenomenon may take the severe form known as discontinuous shear thickening (DST) [1–6]
, where the suspension’s viscosity increases by orders of magnitudes at a critical shear rate, or, in the most
extreme cases, the suspension may even solidify under shear – an occurrence known as shear jamming (SJ)
[7–9]. Both instances can lead to failures in high-shear processes, but can also be exploited for applications,
e.g. in granulation or impact-absorption. Recent studies have shown that interparticle contacts play a crucial
role in DST, triggered by a change in interaction between particle surfaces from hydrodynamic lubrication to
boundary lubrication at high shear [4–6, 10–14]. While fluid films allow suspended particles to easily slide past
each other at low shear, beyond a critical shear stress the hydrodynamic lubrication films between particles break
down, resulting in particles that are effectively in asperity-asperity contact and thus can engage in frictional
interactions due to boundary lubrication. This transition indicates that the surface morphology and surface
chemistry of the particles can have a striking influence on the macroscopic flow behaviour. Based on this
knowledge, an engineering-tribology approach can be utilized to design the thickening of suspensions.
From an experimental standpoint, interparticle friction coefficients can be effectively controlled by engineering
surface chemistry [5] or by modifying surface roughness [15–17]. Moreover, short-range adhesive forces, e.g., as
experimentally introduced by hydrogen bonding [18, 19], can also be used to modify the properties of interparticle
contacts and strongly affect the rheology. However, regulating the interparticle tribology while the suspensions
are being sheared as a means to offer external control on the flow properties has not yet been addressed. Finally,
disentangling the different contributions that link the tribology of contacts to the rheology of the suspension
remains an elusive task with important consequences for materials design and fundamental understanding alike.
To address this, we examine model silica colloids of varying surface roughness coated with thermo-responsive
polymer brushes of poly(N-isopropylacrylamide) (PNIPAM). Comparing the nanotribology and rheology of
these model colloids allows us to test the roles of friction, adhesion, and surface roughness independently and
to tune them during shear. We synthesize raspberry-like silica particles with controllable roughness [17] and
employ surface-initiated atom transfer radical polymerization (SI-ATRP) [20, 21] to graft PNIPAM brushes
from the particles’ surfaces (see Methods and Figure S1). A distinctive feature of PNIPAM brushes is that
they undergo a swelling-deswelling transition in water across a lower critical solution temperature (LCST)
of 30–33 ◦C [22]. Figure 1 displays the different PNIPAM-grafted particles employed in this study. Smooth
silica PNIPAM-grafted particles are named SM PNIPAM and rough silica PNIPAM-grafted particles are named
RB h/d PNIPAM, where h/d is the value of the dimensionless roughness parameter of the silica surface measured
before polymerization (h is the average asperity height and d is the average inter-asperity spacing obtained by
atomic-force-microscopy imaging of the particles’ surfaces) [17]. The dehydration of PNIPAM brushes across
the LCST results in different effective particle sizes as a function of temperature. In particular, we designed the
swollen thickness of the PNIPAM brushes, hPNIPAM, to ensure that the underlying roughness is masked at 20
◦C
and revealed at 40 ◦C, as shown in Figure 1a. Using SI-ATRP offers exquisite control over the brush thickness
by selecting the precise solvent ratio, catalyst ratio, and polymerization time, hence enabling unique tailoring
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2FIG. 1. PNIPAM-grafted smooth and rough silica particles. a, Schematics of the PNIPAM-grafted smooth
(SM) and rough (RB) particles at 20 ◦C and 40 ◦C. dSM and dRB are the diameters of smooth and rough particles
before polymerization, respectively. b–e, Scanning electron microscope images of four PNIPAM-grafted particle systems:
SM PNIPAM (b), RB 0.36 PNIPAM (c), RB 0.46 PNIPAM (d), RB 0.52 PNIPAM (e). Scale bars indicate 500 nm.
of the physico-chemical properties of model, brush-stabilized particles. The properties of the PNIPAM-grafted
particles are summarized in Table I.
TABLE I. Details of the PNIPAM-grafted particles. Rh(T ) and Rh0(T ) are the particle hydrodynamic radii after
and before polymerization, respectively, at the given temperature. hPNIPAM(T ) is the PNIPAM thickness, for which
hPNIPAM(T ) = Rh(T ) - Rh0(T ). mPNIPAM/mSiO2 is the mass fraction of PNIPAM brushes and silica particles.
SM PNIPAM RB 0.52 PNIPAM RB 0.46 PNIPAM RB 0.36 PNIPAM
Rh(20
◦C)/Rh0(20
◦C) 1.09 ± 0.02 1.22 ± 0.02 1.23 ± 0.03 1.22 ± 0.03
hPNIPAM(20
◦C) (nm) 31 ± 3 80 ± 5 85 ± 6 84 ± 6
Rh(40
◦C)/Rh0(40
◦C) 1.03 ± 0.01 1.08 ± 0.02 1.09 ± 0.02 1.08 ± 0.02
hPNIPAM(40
◦C) (nm) 12 ± 2 31 ± 3 33 ± 3 35 ± 4
mPNIPAM/mSiO2 0.11 0.12 0.13 0.13
The solubility transition of PNIPAM brushes not only affects their thickness but also has a strong impact
on their surface interactions. In order to characterize this effect at the single-contact level, we measure the
tribological properties of PNIPAM-grafted particles by colloidal-probe atomic force microscopy (AFM). In
particular, we provide controlled contact conditions by attaching individual PNIPAM-coated particles of a
given roughness onto an AFM cantilever and sliding them against a flat, PNIPAM-coated counter-surface of
the same underlying roughness at two temperatures – above (40 ◦C) and below the LCST (20 ◦C), respectively
– measuring friction as a function of applied load. The substrates are produced by a process analogous to
the synthesis of the polymer-coated colloids, to provide representative, realistic counter-surfaces mimicking
interparticle contacts in the sheared suspensions (see Methods and Figure S2).
Crossing the LCST changes both the adhesion and the friction between PNIPAM-coated surfaces [23]. To
decouple these contributions from particle topography, we first examine the case of smooth particles (Figure
2). We start by characterizing the adhesion force between PNIPAM-grafted particles at different temperatures
by measuring the pull-off force in a force-versus-distance curve (see Methods). Representative force–distance
curves at 20 ◦C and 40 ◦C are shown in Figure 2a. The retraction curve below LCST shows no adhesion
force. Conversely, above the LCST, a small jump-to-contact is observed during approach and the retraction
curve displays marked adhesion with a pull-off force of 4.2 ± 0.9 nN. This adhesion is due to the hydrophobic
interaction between the collapsed PNIPAM brushes [24, 25]. We then measure the friction by means of lateral
force microscopy (see Methods). The friction forces above the LCST are ∼20 times higher than below the
LCST, as shown in Figure 2b and a non-zero friction force at zero load is found, in agreement with the presence
of adhesion. Moreover, at 20 ◦C, the SM PNIPAM particles and smooth silica particles without the polymer
(SM) display almost identical low friction behavior at loads below 30 nN. At higher loads, the SM PNIPAM
particles start to show higher friction forces than SM particles. Further details of the surface interactions were
obtained by measurement of the friction force versus sliding distance in the so-called ”friction loops (Figure 2c).
The narrow loop for SM PNIPAM at 30nN is indicative of smooth sliding and low friction. Upon increasing
the load to 60nN, the friction loop opens up, indicating increased dissipation, which has been ascribed to the
entanglement of PNIPAM brushes at a higher contact pressure [26]. The friction loops at 40 ◦C always show
higher dissipation and irregular sliding, as a consequence of adhesion.
In the presence of adhesion force, the relation between friction force Ffriction and applied load L in Figure 2b
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FIG. 2. Tribology and rheology experiments on PNIPAM-grafted smooth particles. a, Approach (solid line)
and retraction (dashed line) of the force–distance curves of SM PNIPAM system at 20 ◦C (left) and 40 ◦C (right). The
top two insets show the schematics of a SM PNIPAM probe on a countersurface at 20 ◦C (left) and 40 ◦C (right). The
bottom left inset shows the adhesion forces measured at 40 ◦C. The bin width is 0.5 nN. b, Friction-force-vs-applied-load
measurements of SM PNIPAM at 20 ◦C (blue) and 40 ◦C (red), and SM (black). Error bars represent the standard
deviations across the scan area (51 data points). c, Friction loops of the SM PNIPAM system at 30 nN (top); 60 nN
(bottom), and at 20 ◦C (left, blue); 40 ◦C (right, red). d, Friction coefficients µ (top) and frictional packing fraction
φm (bottom) of the SM PNIPAM system at 40
◦C (red) and 20 ◦C (blue), and SM system (black). Error bars in µ
represent the uncertainties in the calculated slope based on Equation 1. µ of SM PNIPAM at 20 ◦C was calculated from
10 to 30 nN. Error bars in φm represent the standard deviation from four repeat measurements. e, Rheological flow
curves of SM PNIPAM in rescaled packing fractions ∆φ∗ at 20 ◦C (blue) and 40 ◦C (red). f, Normalized flow curves of
SM PNIPAM at 40 ◦C (red) and SM at 20 ◦C (black) in φ = 48, 51, and 54%. The relative viscosity ηr was calculated
based on ηr = ηmeasured/ηwater(T ). The results for the SM system are adapted from previous work [17].
allows a friction coefficient to be extracted using a modified version of Amontons’ Law [27]:
Ffriction = µ · (L0 + L) = F0 + µ · L, (1)
where a constant internal load L0 is added to the applied load L, in order to account for the intermolecular
adhesive forces. F0 represents the friction force at zero applied load for adhesive surfaces. The friction coefficient
µ is then defined as the slope dFfriction/dL = µ, which we plot in Figure 2d.
Our previous works have shown that the interparticle friction coefficient is directly correlated to the high-
shear maximum packing fraction obtained in centrifugation experiments φm (see Methods) [5, 17, 28]. We also
observe here that a system having higher µ has a lower φm (Figure 2d). However, we notice that, although the
µ values of SM PNIPAM and SM are fairly close at 20 ◦C, there is ∼10% difference in their φm values. This
discrepancy is due to the fact that SM PNIPAM has a soft and compressible shell, resulting in a denser packing
during sedimentation and highlights that the detailed relationship between µ and φm may be system specific.
The distinct adhesion and friction behaviors of SM PNIPAM at 20 ◦C and 40 ◦C also lead to distinct shear-
rheology responses as a function of temperature. In Figure 2e, we examine the flow curves of three dense
suspensions of SM PNIPAM. Because of the swelling and dehydration of the PNIPAM brushes, each suspension
has a different effective φ at different temperature, e.g., φ = 64% at 20 ◦C and φ = 54% at 40 ◦C for the same
suspension. However, qualitative differences beyond a rescaling of the volume fraction emerge, and these are
clearly visible if we rescale the volume fraction so that ∆φ∗ = (φm − φ)/φm . SM PNIPAM colloids at 20 ◦C
start displaying continuous shear thickening (CST) for ∆φ∗ = 5% and exhibit DST at ∆φ∗ = 2% – very close to
their measured φm of 65.2% at 20
◦C. At 40 ◦C, adhesion and higher friction switch on, which shift the onset of
ST to lower shear rates and enhance its magnitude. The same suspension exhibits CST at 40 ◦C (∆φ∗ = 7%),
while showing shear thinning at 20 ◦C (∆φ∗ = 8%). At higher solids loading, the same suspension transitions
between CST at 20 ◦C (∆φ∗ = 5%) to DST at 40 ◦C (∆φ∗ = 3%). For the densest suspension where dilatant
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FIG. 3. Tribology and rheology experiments on PNIPAM-grafted rough particles. a, Approach (solid line)
and retraction (dashed line) of the force–distance curves of RB 0.52 PNIPAM system at 20 ◦C (left) and 40 ◦C (right).
The top two insets show the schematics of a RB 0.52 PNIPAM probe on a countersurface at 20 ◦C (left) and 40 ◦C
(right). The bottom inset shows the adhesion forces measured at 40 ◦C. The bin width is 0.5 nN.b, Friction-force-
vs-applied-load measurements of RB 0.52 PNIPAM (©), RB 0.46 PNIPAM (), and RB 0.36 PNIPAM (4) at 20 ◦C
(blue) and 40 ◦C (red). Error bars represent the standard deviations across the scan area (51 data points). c, Friction
loops of the RB 0.52 PNIPAM system at 30 nN (top); 60 nN (bottom), and at 20 ◦C (left, blue); 40 ◦C (right, red).
d, µ as a function of φm of the three PNIPAM-grafted rough systems (same legends as b) at 20
◦C (blue) and 40 ◦C
(red). µ at 20 ◦C was calculated from 10 to 30 nN. Error bars in µ and φm represent the uncertainties in the calculated
slope based on Equation 1 and the standard deviation from four repeat measurements, respectively. e, Rheological flow
curves of RB 0.52 PNIPAM in various values of φ at 20 ◦C (blue) and 40 ◦C (red). f, Rheological flow curves of the
three PNIPAM-grafted rough systems with φ = 68% at 20 ◦C (blue) and φ = 46% at 40 ◦C (red).
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FIG. 4. Thermo-switchable shear-thickening system. Viscosity measurements at shear s of 0.1 s−1 (left), 1 s−1
(middle), and 10 s−1 (right) of RB 0.52 PNIPAM at 20 ◦C; φ = 68 % (blue) and 40 ◦C; φ = 46 % (red).
DST is observed at both temperatures (positive N1, see Figure S3), the onset rate and stress (Figure S3) occur
at significantly lower values at 40 ◦C.
To isolate the effect of volume fraction from that of contact properties, it is worth comparing the flow curves
of low-frictional and non-adhesive SM colloids without PNIPAM at 20 ◦C with the high-frictional and adhesive
SM PNIPAM colloids at 40 ◦C at the same φ values (Figure 2f). Strikingly, for the shear-thinning and CST
regimes with φ up to 51%, both suspensions behave identically, even if the contact properties are radically
different, confirming that the hydrodynamic volume fraction is the dominating parameter in describing the
rheology. Conversely, a marked difference is observed concerning the DST behavior. At φ = 54%, SM PNIPAM
5and SM display similar low-shear rheology, but at high shear rate the former exhibits DST and the later shows
CST. This finding reinforces the view that contact properties strongly affect DST over and above hydrodynamic
effects.
Moving from SM to RB particles, additional features emerge. The RB PNIPAM systems also display switch-
able adhesion across the LCST (Figure 3a and Figure S4), with an adhesion force of 5.3 ± 1.3 nN between
RB 0.52 PNIPAM and its countersurface at 40 ◦C. This value is not very different from that measured for
the SM PNIPAM, confirming the analogy in the chemical origin of the adhesive bonds. As opposed to the
smooth particles’ case, the precise control of brush thickness allows us to switch on and off the underlying
surface roughness of the RB PNIPAM particles at different temperatures. This switching has a striking influ-
ence on the friction behaviour of the RB PNIPAM systems, as shown in Figure 3b and 3c. At 20 ◦C, all three
RB PNIPAM systems behave like SM PNIPAM and SM, exhibiting identical and low friction below 30 nN.
This fact indicates that the swollen PNIPAM shell effectively screens the roughness at low loads, as borne out
by the flat, narrow friction loop for RB 0.52 PNIPAM at 30 nN. Upon increasing load, i.e. to 60 nN, stick–slip
appears in the friction loop due to the interlocking of asperities, which are now revealed as the polymer brush
is highly compressed, even below the LCST (Figure 3c). Conversely, at 40 ◦C, the RB PNIPAM systems show
high, roughness-dependent friction, with higher friction forces measured for particles with higher underlying
roughness (Figure 3b). Essentially, two factors contribute to the increase of friction above the LCST: the
adhesion between the PNIPAM brushes and the unveiling of roughness. Above the LCST, the surface of the
RB PNIPAM particles turns sticky and rough because of the collapse of PNIPAM brushes, allowing asperities
to interlock within sticky contacts. At 40 ◦C, we thus observe wide friction loops with stick–slip events at all
loads, as shown in Figure 3c.
As a consequence of the differences in the frictional behavior at the different temperatures for the three
RB PINPAM particles studied, a clear relation between φm and µ emerges, as shown in Figure 3d. Confirm-
ing previous observations, we see that the higher the effective interparticle friction coefficient, the lower the
value of φm [5, 17]. Because the effect of topography emerges only above the LCST, the differences between
the three systems emerge only at higher temperatures. Conversely, our particles show almost identical friction
coefficient and φm values below the LCST, again supporting the conclusion that swollen PNIPAM shells effec-
tively screen roughness. As already introduced for the smooth particles, the temperature-dependent tribology
of the rough colloids strongly affects their rheology at high packing fractions, as shown for dense suspensions
of RB 0.52 PNIPAM in Figure 3e. At 20 ◦C, the suspensions do not display any appreciable CST for ∆φ∗ up
to 7%, but directly show DST at 4%. This behavior is analogous to the previously reported ST response of
uncoated, rough silica spheres [17] and stems from the interlocking of asperities when a high shear stress breaks
through the PNIPAM lubrication layer, as clearly shown by the presence of stick–slip events in the friction loop
at high load (Figure 3c). The same suspensions display a distinctively different response at 40 ◦C. All three
suspensions show dilatant DST (positive N1, see Figure S5), and the onset rate for DST shifts to lower shear
rates and shear stresses (Figure S5) with increasing φ. DST is even observed for values of ∆φ∗, for which the
suspension below the LCST only shows shear thinning, i.e., ∆φ∗ = 7%. The strongly enhanced DST above the
LCST is generated by the sticky, rough particle surface, where in addition to asperity interlocking, adhesion
between the collapsed PNIPAM brushes causes a significant increase in the effective friction.
Finally, we compare the shear rheology of the three RB PNIPAM systems at the same φ as shown in Figure
3f. The flow curves obtained below the LCST with φ = 68% are all identical and show shear thinning, implying
that with no ST the rheology is defined by the packing fraction alone. Above the LCST, surface differences
emerge only during ST, whose onset becomes roughness dependent. Below the onset of DST, all suspensions,
which have also the same φ at 40 ◦C, show the same viscosity, but the different roughness causes the breakdown
of the fluid lubrication layers at different stresses, leading to DST taking place at lower shear rates for higher
roughness. In other words, at the same φ, the existence of differences in µ and φm are hidden until the DST
onset and the smaller the value of ∆φ∗, the lower are the observed critical shear rate and shear stress (Figure
S5).
From these results, a clear picture emerges in which the PNIPAM brushes effectively tune the friction,
adhesion, and surface roughness of RB PNIPAM particles in suspension as a function of temperature. Essen-
tially, the swelling of the brushes can mask surface roughness, reduce friction, and switch off adhesion, so that
the DST of the dense suspensions can be significantly retarded. The collapse of the brushes instead intro-
duces adhesive forces, increases friction, and unveils surface roughness so that DST is enhanced. Naturally,
changing the temperature across the LCST also causes a shift of the suspension’s volume fraction, due to the
temperature-dependent particle size. These results have inspired us to utilize the PNIPAM-grafted colloids as a
thermo-switchable shear-thickening system, as shown in Figure 4. Because of the difference in φ, at shear rates
of 0.1 s−1 and 1 s−1, below the DST onset at 40 ◦C, the same dense suspension of RB 0.52 PNIPAM exhibits
a lower viscosity at 40 ◦C than at 20 ◦C. Nonetheless, the situation is inverted at 10 s−1, where the suspension
shows DST at 40 ◦C and shear thinning at 20 ◦C. By cycling the temperature up and down during shear, we
show that the viscosity switch is reversible because of the reversibility of the swelling-deswelling transition of
PNIPAM brushes.
6In conclusion, we have presented a unique approach to use stimuli-responsive polymer brushes, synthesized
to a precise length by controlled radical polymerization, for the in situ, selective tuning of interparticle friction
and adhesion, and for the modulation of surface roughness. Our previous results demonstrated that, in the
absence of adhesion, the interlocking of surface asperities promoted dilatant DST over a broader range of shear
rates and for lower values of φ with increasing (roughness-mediated) effective friction [17]. These experiments
additionally show that introducing weak adhesive forces also strengthens ST and shifts it to lower shear rates
for smooth contacts. The combination of both effects exacerbates DST for rough adhesive particles.
This phenomenology presents strong links to recent numerical work, which proposes a constraint-based ap-
proach to shear thickening [29, 30]. In addition to resisting sliding within shear-induced contact regions as a
consequence of friction and topography, adhesion introduces further constraints to the rolling between particles
[31], which effectively lowers the high-shear jamming volume fraction, thus promoting ST at a given φ.
Our results clearly confirm that the microscopic tribology of interparticle contacts is strongly associated with
the macroscopic rheology of DST suspensions. This therefore opens up new routes for designing shear-thickening
materials via tuning the particle surface chemistry and morphology, in particular developing responsive systems
in which friction, adhesion, and surface roughness can be engineered on demand.
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METHODS
Materials. Silica particles 22 nm (Ludoxr TM; DuPont), silica particles 600 nm (Nanocym), aminopropyl-
functionalized silica particles 650 nm (Nanocym), tetraethyl orthosilicate (TEOS; 98%; Sigma-Aldrich), (3-
aminopropyl)triethoxysilane (APTES) (97%; Sigma-Aldrich), α-bromoisobutyryl bromide (BIBB) (99%; Sigma-
Aldrich), triethylamine (99.5%, Sigma-Aldrich), copper(II) bromide (CuBr2) (99%; Sigma-Aldrich), tetraethy-
lammonium bromide (TEAB) (98%; Sigma-Aldrich), tris[2-(dimethylamino)ethyl]amine (Me6TREN) (97%;
Sigma-Aldrich), polyethyleneimine (PEI) (branched, high molecular weight; Sigma-Aldrich), ethanol (99.8%,
extra dry; ACROS Organics), dichloromethane (DCM) (99.8%, extra dry; ACROS Organics), silicon wafers (10
mm × 10 mm; Si-Mat Silicon Wafers) were used as received. N-isopropylacrylamide (NIPAM) (97%; Sigma-
Aldrich) was purified by crystallizing it from a toluene/hexane (3:2, v/v) mixture and was dried under vacuum
prior to use. Copper(I) bromide (CuBr) (99.99%; Sigma-Aldrich) was purified by stirring overnight in glacial
acetic acid, filtering, and washing several times with acetone, diethyl ether and was dried under vacuum prior
to use.
Synthesis of Raspberry-like Silica Particles. The details of the synthesis of rough particles are described
in previous work [17]. In this work, 600-nm and 22-nm silica particles were used as the cores and berries,
respectively. Different cycles (6, 9, and 12) of the smoothing process were applied to tune the particles’ surface
roughness.
Immobilization of SI-ATRP Initiators. The surfaces of the rough particles were activated and function-
alized with APTES in order to graft the initiators for polymerization. 500 mg of rough particles were mixed
with 1 mL of APTES in 100 mL of dry ethanol for 12 hours under stirring. The APTES-functionalized rough
particles were cleaned three times with ethanol (1055 rcf, 10 min) and dried under vacuum. 500 mg of APTES-
functionalized rough particles or aminopropyl-functionalized 650 nm smooth particles were dispersed in 50 mL
of dry DCM after degassing with nitrogen for 30 minutes. The functionalized particles were then reacted with 2
mL of BIBB and 4 mL of triethylamine under nitrogen atmosphere for 4 hours. The initiator-grafted particles
were cleaned three times (1055 rcf, 10 min) with DCM and dried prior to use.
Synthesis of PNIPAM Brushes on Silica Particles. SI-ATRP was used to graft the PNIPAM brushes
on silica particles. The reaction scheme is illustrated in Figure S1. 300 mg of initiator-grafted particles were
dispersed in 13 mL of ethanol/water (4:1, v/v) mixture and degassed with nitrogen for 1 hour. A 25 mL
ethanol/water (4:1, v/v) mixture containing 12 g (106 mmol) of NIPAM, 2.04 g (9.7 mmol) of TEAB, and
96 µL (0.35 mmol) of Me6TREN was degassed with nitrogen for 1 hour and subsequently transferred using a
degassed syringe to a flask containing 34.4 mg (0.24 mmol) of CuBr and 26.8 mg (0.12 mmol) of CuBr2, kept
under nitrogen. The solution was then stirred for 10 minutes until complete dissolution of the catalyst. The
7catalyst-dissolved solution was subsequently transferred using a degassed syringe to the particles solution to
carry out the polymerization under nitrogen atmosphere for 30 minutes. The reaction was quenched by adding
40 mL of ethanol/water (4:1, v/v) mixture and by exposing the reaction mixture to air. The PNIPAM-grafted
particles were cleaned three times with Milli-Q water (1055 rcf, 10 min), and kept in Milli-Q water for further
use.
Characterization of PNIPAM Brushes on Silica Particles. Dynamic light scattering (DLS) (Zetasizer
Nano ZS; Malvern Panalytical) experiments were performed at 20 ◦C and 40 ◦C in Miilli-Q water to determine
the particles’ size. The thickness of PNIPAM brushes hPNIPAM were obtained by comparing the particles’ hydro-
dynamic radii before (Rh0) and after (Rh) the polymerization. Thermogravimetric analysis (TGA) (TGA/DSC
3+; METTLER TOLEDO) was used to determine the mass fraction of PNIPAM brushes mPNIPAM and silica
particles mSiO2 of the PNIPAM-grafted particles which mPNIPAM/mSiO2 = (m850◦C −m250◦C)/m850◦C (Figure
S6). The sample was heated up to 80 ◦C at 10 ◦C/min and kept at 80 ◦C for one hour to remove the water.
The sample was then heated up to 900 ◦C at 10 ◦C/min.
Fabrication of Rough Substrates. The particle-coated silicon wafers were fabricated according to previous
work [17]. PEI-coated silicon wafers were immersed in 0.004 wt% of 22-nm silica particle suspensions for 20
minutes. Different surface roughness were achieved by adding different amount (0.6, 0.9, and 1.2 mL) of 1 vol%
TEOS in ethanol solution in the smoothing process.
Synthesis of PNIPAM Brushes on Planar Substrates. The same protocol used for particles was
applied to graft the PNIPAM brushes on smooth and rough substrates. The substrates (∼12–15 pieces) were
functionalized with APTES in dry ethanol and subsequently rinsed with ethanol and blown dry with a nitrogen
jet. The APTES-modified substrates were then reacted with BIBB and triethylamine in dry DCM after degassing
under nitrogen. The reaction was continued for 4 hours and finally the substrates were cleaned with DCM and
blown dry with a nitrogen jet. Instead of 300 mg of particles, 6 pieces of smooth or rough substrates were
used in the SI-ATRP process. The reaction time for the smooth and rough substrates was 20 and 25 minutes,
respectively. The difference in reaction time was to achieve PNIPAM brushes with thicknesses close to the
PNIPAM-grafted smooth and rough particles. The PNIPAM-grafted substrates were cleaned with toluene
and blown dry with a nitrogen jet. Smooth PNIPAM-grafted substrates are named SM PNIPAM and rough
PNIPAM-grafted substrates are named RS h/d PNIPAM, where h/d is the value of the dimensionless roughness
parameter of the silica surface measured before polymerization. The SEM images are shown in Figure S2.
Characterization of PNIPAM Brushes on Planar Substrates. The thickness of the PNIPAM brushes
was measured using variable-angle spectroscopic ellipsometry (VASE; M-2000F; J. A. Woollam Co.). All data
were recorded between 275 and 827 nm of wavelength at 70◦ with respect to the surface. The obtained values
of amplitude (Ψ) and phase (∆) components were analyzed with WVASE32 software using a three-layer model
(Si/SiO2/Cauchy; An = 1.45, Bn = 0.01, and Cn = 0). All measurements were performed in Milli-Q water at 20
◦C and 40 ◦C. The thickness of the rough SiO2 layer on the substrate was measured before the polymerization
and the value was used in the three-layer model to determine the PNIPAM thickness. The measured PNIPAM
thickness are listed in Table SI.
Centrifugation Experiments. The centrifugation experiments were performed based on previous work
[17]. The experiments were carried out at 20 ◦C and 40 ◦C using a temperature-controlled centrifuge (Avantir
J-25I; Beckman Coulter). The effective volume fraction φeff of each sample was calculated in three steps: 1) the
wt% of silica particles was obtained by wt%(SiO2) = wt%(total) · (mSiO2/mPNIPAM +mSiO2), according to the
TGA measurements. 2) wt%(SiO2) was converted into the volume fraction of silica particles φSiO2 using a silica
density of 1.8 g/cm3 [32]. 3) φeff = φSiO2 · (Rh(T)/Rh0(T))3 was calculated based on the DLS measurements.
The frictional packing fraction φm was evaluated after the centrifugation and the maximal packing fraction φf
was determined after ten days for suspensions kept at 20 ◦C and 40 ◦C, respectively (Figure S7).
Shear Rheology Measurements. The shear rheology measurements were performed on a rheometer (MCR
302; Anton Paar) at 20 ◦C and 40 ◦C in a cone-and-plate geometry, using a 25 mm diameter stainless steel
cone with an angle of 2◦. The flow curves were recorded for increasing shear rates from 0.1 to 100 s−1. The
suspensions were prepared by centrifugation (2701 rcf, 15 min) to produce the sediments at φm. Different
amounts of Milli-Q water were added to the different sediments to adjust φ to the desired volume fraction. The
suspensions were then sonicated for 30 min before performing the measurements. The viscosity at fixed shear
rate (0.1, 1, and 10 s−1) was measured alternately between 20 ◦C and 40 ◦C. In all cases, in order to reset
the normal force before measuring, the samples were rejuvenated by applying 1% shear strain oscillation for 1
minute.
Adhesion and Friction Measurements. Atomic force microscopy (AFM) (NanoWizardr NanoOptics;
JPK Instruments AG) was used to measure the adhesion and friction forces between a PNIPAM-grafted particle
and a PNIPAM-grafted substrate. All the measurements were carried out at 20 ◦C and 40 ◦C in a liquid cell
(BiOCellTM ; JPK Instruments AG). The adhesion force was determined by measuring the pull-off force in a
force versus distance curve. 200 curves were recorded across a 20 µ m × 20 µm area with the approach and
retraction speed set at 500 nm/s. The preparation of colloidal probes and the details of friction measurements
are described in previous work [17]. In this work, we used micromanipulator miBot (Imina Technologies SA) to
8affix the colloidal particles onto the tipless cantilevers. For the friction measurements, the scan area and scan
rate were fixed at 2 µm × 200 nm (512 px × 51 px) and 1 Hz, respectively. At every scanned area, friction
loops were recorded at different applied loads L from 10 nN to 60 nN. The average friction force Ffriction for a
given load was obtained by averaging half the vertical difference between the trace and retrace curves for all
the friction loops.
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FIG. S1. Reaction scheme to prepare PNIPAM brushes on the surface of a silica particle using SI-ATRP.
FIG. S2. PNIPAM-grafted Substrates. SEM images of SS PNIPAM (a), RS 0.36 PNIPAM (b), RS 0.46 PNIPAM
(c), RS 0.52 PNIPAM (d). Scale bars indicate 200 nm.
TABLE SI. PNIPAM Thickness of the PNIPAM-grafted Substrates. hPNIPAM(20
◦C) is the swollen PNIPAM
thickness and hPNIPAM(40
◦C) is the collapsed PNIPAM thickness.
SS PNIPAM RS 0.36 PNIPAM RS 0.46 PNIPAM RS 0.52 PNIPAM
hPNIPAM(20
◦C) (nm) 35 ± 2 83 ± 5 88 ± 4 85 ± 3
hPNIPAM(40
◦C) (nm) 14 ± 1 34 ± 2 35 ± 3 31 ± 2
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FIG. S3. Shear-rheology experiments of PNIPAM-grafted smooth particles. a, N1 of the SM PNIPAM flow
curves shown in Figure 2e with the same legends. b, Flow curves from Figure 2e plotted as viscosity vs. stress with the
same legends. (c), N1 of the normalized flow curves shown in Figure 2f with the same legends.
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FIG. S4. Force–distance curves of PNIPAM-grafted rough particles. a, Approach (solid line) and retraction
(dashed line) of the force–distance curves of the RB 0.46 PNIPAM system at 20 ◦C (left) and 40 ◦C (right). The inset
shows the adhesion forces (5.0 ± 1.3 nN) measured at 40 ◦C. The bin width is 0.5 nN. b, Approach (solid line) and
retraction (dashed line) of the force–distance curves of the RB 0.36 PNIPAM system at 20 ◦C (left) and 40 ◦C (right).
The inset shows the adhesion forces (5.5 ± 1.2 nN) measured at 40 ◦C. The bin width is 0.5 nN.
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FIG. S5. Shear-rheology experiments of PNIPAM-grafted rough particles. a, N1 of the RB 0.52 PNIPAM
flow curves shown in Figure 3e with the same legends. b, Flow curves from Figure 3e plotted as viscosity vs. stress with
the same legends. c, N1 of the three PNIPAM-grafted rough systems shown in Figure 3f with the same legends. d, Flow
curves from Figure 3f plotted as viscosity vs. stress with the same legends.
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FIG. S6. Determination of PNIPAM brush content. TGA curves of SM PNIPAM, black; RB 0.52 PNIPAM, red;
RB 0.46 PNIPAM, blue; RB 0.36 PNIPAM; green.
5FIG. S7. Centrifugation experiments and packing fractions. Images of a particle suspension (RB 0.52 PNIPAM)
(a), immediately after centrifugation at 20 ◦C for determination of φm, (b), 10 days after centrifugation at 20 ◦ for deter-
mination of φf , (c), immediately after centrifugation at 40
◦C for determination of φm, (d) 10 days after centrifugation
at 40 ◦ for determination of φm. The initial volume fraction φi increases from 9.7% (left) to 57.6% (right) for (a) and
(b), and from 7.2% (left) to 42.3% (right) for (c) and (d). The blue dotted line in (a) and (b) marks the height of φi =
57.6% immediately after centrifugation. The red dotted line in (c) and (d) marks the height of φi = 42.3% immediately
after centrifugation. (e), φm (open) and φf (filled) of the four colloidal suspensions at 20
◦C (blue) and 40 ◦C (red).
